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Summary. — A method is described to measure absolute excited-state 
absorption cross-sections of dye molecules in solution. The problems of 
orientational anisotropy are avoided by probing the population and 
absorption of the excited state after molecular reorientation. Excited-
state absorption cross-sections are measured for rhodamine 6 Gr and 
rhodamine Β at a fixed frequency of 9 4 8 0 c m - 1 . 
1. - Introduction. 
Exc i t ed - s t a t e absorp t i on spectroscopy w i t h p icosecond l i gh t pulses prov ides 
new in f o rma t i on o n energy levels a n d o n the dynamic s of t rans i t i ons i 1* 3). 
Intense p u m p pulses popu la te a n exc i t ed state a n d weak probe beams induce 
t rans i t i ons t o h i ghe r - l y ing states. T h e measurement of absolute exci ted-state 
absorp t i on cross-sections is aggravated b y the fact t h a t t h e absorp t i on of 
probe l i gh t depends o n the n u m b e r of exc i t ed molecules, on the i r o r i en ta t i ona l 
d i s t r i b u t i o n a n d on the angle between the i n v o l v e d t r ans i t i on moments . 
Severa l absorp t i on spectroscopic methods have been deve loped t o t ake 
care of these di f f icult ies: i) the prob lems of o r i en ta t i ona l an i so t ropy are 
avo ided for pure e lectronic d ipole t rans i t i ons w h e n l inea r l y po la r i z ed p u m p 
(*) Paper presented at the «European Conference on the Dynamics of Excited States », 
held in Pisa, Ap r i l 14 -16 , 1980 . 
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a n d probe beams w i t h po lar i za t ions under a wel l -def ined angle of ψ = 54.7° 
( tg 2 ψ = 2) are u s e d ( 4 ) ; i i ) spec ia l ly or i ented e l l i p t i ca l beams also produce 
rotat ion-free absorp t i on spectra (5); i i i ) intense p u m p pulses b l each the g r ound 
state near l y comple te ly a n d a lmost a l l molecules are i n the exc i t ed state w h i c h 
approaches a n iso t rop ic o r i en ta t i ona l d i s t r i b u t i o n ( 6 » 7 ) ; iv ) the absorp t i on is 
measured for a g i v en expe r imenta l s i tua t i on a n d a n u m e r i c a l s i m u l a t i o n ex­
trac ts t he exci ted-state absorp t i on cross-sect ion (*). 
I n th i s pape r we describe a fur ther t echn ique for the measurement of ex­
cited-state absorp t i on cross-sections. T h i s m e t h o d determines t he exc i ted-
state p o p u l a t i o n a n d c i r cumven ts the o r i en ta t i ona l prob lems. I t is inde­
pendent of the na ture of the absorp t i on processes for ground-s ta te a n d ex­
cited-state absorpt ion . T h e molecules are exc i t ed w i t h a p icosecond p u m p 
pulse a n d t h e y rearrange t o a n iso t rop ic d i s t r i b u t i o n ( reor ientat ion t i m e r o r ) . 
A f t e r reor i enta t ion , t w o weak probe pulses are app l i ed (delay t i m e ί Β ^ 2 τ Ο Γ ) . 
One probe b e a m measures the exci ted-state p o p u l a t i o n a n d the other probe 
b e a m mon i to rs the exc i ted-state absorp t ion . T h e t echn ique is used t o deter­
m i n e the exci ted-state absorp t i on cross-sections <re(i>L = 9480 c m - 1 ) for rho-
damine 6 G a n d rhodamine Β disso lved i n e thano l at r o o m tempera ture . The 
i n v o l v e d t r ans i t i on starts f r o m the E s t a t e a n d ends i n a higher singlet state 
#4 w h i c h absorbs a r o u n d 350 n m i n conven t i ona l absorp t i on spectroscopy. 
Th i s state is o f ten t e rmed as # 2-level (8_11) w h e n two weak l y absorb ing lower-
l y i n g singlet states (12"14) are neglected. 
2. - Description. 
T h e s t r u c t u r a l f o rmulae of the inves t i ga ted molecules rhodamine 6 G a n d 
rhodamine Β are shown i n fig. 1. T h e conven t i ona l ground-state abso rp t i on 
spec t rum of rhodamine 6 G disso lved i n e thano l is dep ic ted i n fig. 2 together 
w i t h pos i t ions of the singlet states #i t o S7 a n d osci l lator strengths for dipole 
t rans i t i ons between S0 a n d the h igher singlet states. These energy levels a n d 
osc i l lator strengths were ob ta ined b y Pa r i s e r -Pa r r -Pop l e ( P P P ) ca lculat ions 
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Fig . 2. - Ground-state absorption spectrum of rhodamine 6G in ethanol and oscillator 
strengths for 80-8{ (i = 1 to 7) transitions (from P P P calculations). 
w i t h a computer p r o g r a m of Greenwood (15). T h e mo lecu la r ske le ton a n d the 
parameters used i n the ca lcu lat ions are presented i n tab l e I . 
T A B L E I. - Parameters for P P P calculations on rhodamine dyes. 
molecular skeleton 
number of conjugated atoms Ν = 15 
number of doubly occupied orbitale Μ = 8 
effective nuclear charges Zc = 1, ZN = 2 
core integrals ω 0 = — 11 eV, ω Ν = — 26 eV 
resonance integrals £ C C = £ C N = - 2 . 3 7 eV 
electron repulsion integrals 7μμ(ϋ) = 11.35 eV 
γμμ(Ν) = 14.09 eV 
Y»v(C—C) = 
= Y»v(C—Ν) = 
14.4 eV/D (D > 2.81 A) , 
4.97 eV (2.81 k>D> 2.75 A) , 
5.77 eV (2.75 A > D > 1.42 A) , 
7.19 eV (1.42 A >D) 
(D is the atomic distance) . 
T h e l eve l scheme of fig. 3 is reduced t o the states i n v o l v e d i n our expe r i ­
ments ( 1 6 » 1 7 ) . A n intense p icosecond p u m p pulse of f requency vp p romotes m o l ­
ecules f r o m the g r ound state 1 (S0) t o the F r a n c k - C o n d o n state 2 i n the Äi-band. 
T h e exc i t ed molecules r e l ax w i t h a t i m e constant τ 2 3 ^ 1 ps t o the e q u i l i b r i u m 
pos i t i on 3 i n the ^ - s i n g l e t state (18). T h e molecules r e t u r n t o the g r o u n d state 
b y r ad i a t i v e (rate hM) a n d radiat ionless (rate Jc31) t rans i t i ons . T h e q u a n t u m 
efficiency for fluorescence emiss ion ( frequency vF) is η = ft34/ft3c^ 0.88 for rho ­
damine 6 G a n d 0.5 for rhodamine B . T h e in te rsys tem crossing rate fc3T (singlet-
t r ip l e t transfer) is neg l i g ib ly s m a l l (h^ß^ 2 - 1 0 " 3 for rhodamine 6 G a n d 
5 - 1 0 - 3 for rhodamine B ) . T h e spontaneous-emiss ion l i fet imes for rhodamine 
6 G a n d rhodamine Β are τ Ρ = lßz = 1/(Ä;31 + + Κτ) — 4 · 2 n s a n ( * 2.7 ns, 
respect ive ly (16). Exc i t ed - s t a t e absorp t i on of the p u m p pulse a n d the fluor­
escence l i gh t occurs f r o m leve l 3 t o reg ion 6 (6,7,18,19). T h e molecules i n reg ion 
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Fig. 3. - Schematic level system for excited-state absorption in rhodamine dyes. 
β r e l ax w i t h i n 1/Jc6 = l/(fc e i + ft63 - f ifcer) <0.1 ps T h e y decay m a i n l y 
t o the /S^-singlet state (ft 6 3/A; 6^ 0.95 for rhodamine 6 G a n d 0.7 for rhodamine B ) . 
T h e transfer t o t r ip l e t a n d decompos i t i on states is of t he order of 0.01 (16). 
T h e molecules i n l eve l 3 reor ient w i t h a t i m e constant r o r ^ 2 7 0 p s (solvent 
e thano l , r o o m temperature ) ( 2 2 2 4). T h e exci ted-state t r ans i t i on f r o m l eve l 3 
to l eve l 5 is i nduced w i t h probe l i gh t of f requency i>L. 
A t a de lay t i m e of / D ^ " 2 r o r , . two weak p icosecond probe beams of f requency 
Vj, a n d are passed t h r o u g h the dye sample to determine the (or ientat ion 
averaged) exc i ted-state absorp t i on cross-section <re(vL). T h e t ransmiss i on of 
probe b e a m 1 ( frequency vj t h r o u g h the sample ( length I) is 
l 
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ι 
T h e t o t a l p o p u l a t i o n jN9(z) dz is m o n i t o r e d w i t h probe b e a m 2 of f requency vp. 
0 
I ts t ransmiss i on t h r o u g h the sample is 
ι I 
(2) Τ = exp [- oujtfxWd* - o&r)JNt(z) d*] = 
0 0 
I 
= exp [- σ12ΝΙ + [<r12 - <r>p)] JV3(s) d s ] . 
0 
Ν — Ντ(ζ) - f Nz(z) is the t o t a l n u m b e r dens i ty of dye molecules i n the so lu t ion . 
<r12 a n d ae(vF) are the i so t rop ic ground-state a n d exci ted-state absorp t i on cross-
sections at f requency vp (values de t e rmined i n ( 1 6 » 1 8 ) ) . A rearrangement of 
eq. (2) leads to 
In Τ + σ12ΝΙ 
(3) tf,(*)d* 
0 
Inse r t i on of eq. (3) in to eq. (1) gives the i so t rop ic exci ted-state absorp t i on cross-
sect ion at f requency r L 
m « ( » \ ^ ( ^ β ) [ ^ ρ ) - σ ί 2 ] 
( 4 ) * e W = = In Τ+ σ12ΝΙ ' 
I n the de r i va t i on of eq. (4) the fo l l ow ing approx imat i ons are m a d e : 
i) A u n i f o r m exci ted-state p o p u l a t i o n Nz(r) is assumed over t he cross-
sections of the probe beams. 
ii) E q u a t i o n (1) more comple te ly reads Te = exp [— [σ β ( ^ ) — o* e m(r L)] e 
ι 
- jN3(z) dz~] a n d the l e f t -hand side of eq. (4) shou ld be rep laced b y <re(*>L) — 
0 
— ör e m(^ L). The s t imula ted-emiss ion cross-section <rem()>J for fluorescence emis-
s ion f r o m 8X t o S0 at f requency is neglected i n our case, since i t is v e r y s m a l l 
( ^ W < 1 0 - " o m « ( e ) ) . 
i i i ) The sma l l loss of molecules i n the singlet sys t em due t o transfer t o 
t r ip l e t a n d decompos i t i on states is neglected ( 1 6 » 1 7 ) . I t amounts t o about 1 % 
under our expe r imen ta l condi t ions (see &3T/fc3 a n d \T/Jc6 va lues c i t ed above 
a n d eq. (31) of (")). 
iv ) The probe beams shou ld no t affect the l eve l popu la t i ons . T h e in t ens i t y 
of p robe b e a m 1 ( frequency r L ) is no t c r i t i c a l , since the sa tu ra t i on in t ens i t y 
I^hvjJc^ja^Vj) for b l each ing of l eve l 3 is of the order of 1 0 1 1 W / c m 2 (&5 3 — 
^ 1 0 1 3 s _ 1 (18,21,25^ a6(Vj) va lues see below) . I n our exper iments a probe b e a m 
(25) M . D . G A L A N I N and S. A . T S C H I S C H K O W A : KratJc. Soobshch. Fiz., 4, 3 5 (1971). 
peak in t ens i t y of I0(^L) ^  5 -10 8 W / c m 2 is used. T h e probe b e a m 2 of fre­
quency vP mon i to rs the p o p u l a t i o n of the g r ound state a n d i ts p h o t o n dens i t y 
CO 
n(vF) = $I(vF) dt/hvj, (photons/cm 2 ) has to be s m a l l c ompared to the dens i ty 
— CO 
of molecules Nl (molecules/cm 2 ) . I n our exper iments i t is n(vp) ^ 0.1 Nl 
ι 
(I0(vp) ~ 1 0 8 W/cm 2 ) . T h e exci ted-state popu l a t i on jN3(z)dz (eq. (3)) is over-
0 
es t imated b y about 10 % a n d the <re(i>L) va lues of eq. (4) have to be increased 
b y about 1 0 % . These correct ions have been carr i ed out for the <re(*>L) d a t a 
repor ted below. Sma l l e r p h o t o n densit ies n(vp) of probe b e a m 2 m a y be ap­
p l i ed w i t h more sensit ive photodetectors . 
v) A n isotrop ic o r i en ta t i ona l d i s t r i bu t i on of exc i t ed molecules is as­
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Fig. 4. - Orientational distribution of the # rstate of rhodamine 6G at the entrance and 
the end of the sample for tO = 15 ps (curves 1)) and 540 ps (curves 2)) after excita­
tion. Pump pulse parameters: peak intensities Z 0 P = 5· 109 W/cm 2 (solid curves) and 
Z O P = 1 0 9 W / c m 2 (dashed curves), duration At? = 5 ps (FWHM) , shape Gaussian. Dye 
parameters: concentration 1.65· 10~5 Μ (Ν = 10 1 6 cm 3 ), solvent ethanol, r o r = 270ps r 
Tji = 4.2 ns. 
Ν3(θ)' is ca l cu la ted for rhodamine 6 G (1 .65 - ΙΟ - 5 Μ i n ethanol ) a t t imes tO = 
= SAtp = 15 ps a n d tO = 2 r o r = 540 ps (tO = 0 at the peak of the p u m p 
pulse) . Curves are shown for I o p = 1 0 9 W / c m 2 a n d 5 - 1 0 9 W / c m 2 at the en­
trance (z = 0) a n d at the end of the sample (z = I = 2 cm) . T h e equat i on 
sys tem of ref. (17) was used i n the ca lcu la t ions (eq. (5) of (17) was ex tended 
t o i nc lude the mo lecu lar reor ientat ion) , θ is the angle between the e lectr ica l -
field s t rength of the p u m p pulse a n d the t r a n s i t i o n dipole momen t for g round-
state absorp t i on . A t tO = 15 ps the exc i ted-state p o p u l a t i o n is an i so t rop i c : 
F o r p eak intensi t ies I O P > 10 9 W / c m 2 the p o p u l a t i o n Ν3(θ) is reduced at sma l l 
angles θ due to exci ted-state absorp t i on of the p u m p pulse a n d incomple te 
r e t u r n a l of molecules f r o m higher exc i t ed states to l eve l 3. F o r large angles θ 
the p o p u l a t i o n Ν3(θ) reduces due t o the s m a l l absorp t i on cross-sect ion i n th is 
range (<r12(0) = 3σ 1 2 cos 2 θ (4'18)). A t intensi t ies I o p < 1 0 9 W / c m 2 t h e exc i ted-
state p o p u l a t i o n Ν3(θ) decreases g radua l l y w i t h increas ing Θ. T h e curves ca l ­
cu la ted for tO = 540 ps show a ra ther flat d i s t r i b u t i o n of JV3(0) th roughout the 
sample l eng th . 
3. - Experiment. 
T h e expe r imenta l set-up for the exci ted-state absorp t i on studies is shown 
i n fig. 5. A mode- locked Nd -phospha t e glass laser (i>L = 9480 cm.-1) is used 
for the measurements (26). A single pulse is selected w i t h a n e lec t ro-opt ica l 
sw i t ch a n d i ts energy is increased w i t h a Nd-phospha t e glass ampl i f i er . T h e 
l i ght pulse b e h i n d the ampl i f i er has a d u r a t i o n of At^ 6 ps, a b a n d w i d t h of 
Av^c^. 3 c m - 1 a n d a n energy of about 5 m J . T h e second h a r m o n i c of the laser 
l i gh t is generated i n a K D P c r y s t a l ( length 1 c m , convers ion efficiency 0.3) 
a n d i t is used as p u m p pulse (vF = 18 960 c m - 1 ) . T h e fundamen ta l laser pulse 
is reduced i n in t ens i t y w i t h filter F l a n d acts as probe b e a m 1. A glass b l o ck 
( B K 7 , l eng th 10 cm) separates the f u n d a m e n t a l a n d second-harmonic l i gh t 
pulses b y about 10 ps to a v o i d coherent g ra t ing effects (27>28). T h e lens L 
(/ == 800 m m ) increases the peak in t ens i t y of the p u m p pulse at the sample 
ce l l S u p t o 5 -10 9 W / c m 2 (beam d iameter at the sample ^ 2 m m ) . T h e p u m p 
pulse t ransmiss i on t h r o u g h the sample is l i m i t e d to <0.3 for rhodamine 6 G 
a n d <0.1 for rhodamine Β due t o exci ted-state absorp t ion . T h e t r a n s m i t t e d 
l i gh t signals at frequencies *>L a n d vv are reduced i n in tens i t y b y filter F 6 a n d are 
reflected back to the sample w i t h a wedged glass p la te E . T h e y act as probe 
beams 1 a n d 2. T h e d istance between sample a n d reflector prov ides the t i m e 
de lay between p u m p a n d probe pulses. F o r rhodamine 6 G a distance of 9 c m 
(26) A . L A U B E R E A U and W . K A I S E R : Opto-electronics, 6, 1 (1974) . 
(2 7) C . V . S H A N K and D . M . A U S T O N : Phys. Eev. Lett, 34, 4 7 9 (1975) . 
(2 8) H . J . E I C H L E R : Opt. Acta, 24, 6 3 1 (1977) . 












Fig. 5. - Experimental set-up. SHGr, K D P crystal for second-harmonic generation. 
F1 -F6 , filters. D L , glass block for temporal separation of light pulses at vF and v L . 
L , lens (/= 800mm). R, glass plate for reflection of probe beams. PD1-4, vacuum 
photocells. S, dye sample (length 2 cm). 
was used (tOc^ 600 ps) . I n the case of rhodamine Β the distance was reduced 
to 6 c m (tO ^  400 ps) because of the shorter fluorescence l i f e t ime. T h e sample 
is near the focus of the reflected probe beams. The exci ted-state p o p u l a t i o n 
^ 3 is app rox ima t e l y constant over the b e a m d iameter of the probe beams 
(^ 0.5 m m ) . T h e detectors P D 1 a n d P D 3 measure the t ransmiss i on Te, wh i l e 
the detectors P D 2 a n d P D 4 determine T. 
4. - Results. 
T h e parameters of the ana lysed dyes w h i c h enter eq. (4) are s u m m a r i z e d 
i n tab l e I I together w i t h the de te rmined iso t rop ic exci ted-state absorp t i on 
cross-sections o9(Vj). T h e dye concentrat ions were s m a l l to a v o i d prob lems 
T A B L E I I . 
Dye Khodamine 6Gr Rhodamine Β 
solvent ethanol ethanol 
concentration 1.65· ΙΟ- 5 Μ 2.9· ΙΟ" 5 Μ 
σ 12 4.17· 10- 1 6 c m 2 2 .1 -10 - 1 6 cm 2 
5 · 10- 1 7 c m 2 5 · 10- 1 7 c m 2 
( 2 ± 0 . 2 ) - 1 0 - 1 7 c m 2 ( 4 ± l ) - 1 0 - 1 8 c m 2 
of d ime r i z a t i on a n d ka t i on - an i on spec t ra l shifts (for rhodamine B ) ( 2 3> 2»). The 
low dye concentrat ions h inde r efficient ampl i f i ed spontaneous emiss ion w h i c h 
decreases the l i fe t ime of the ^ - s t a t e (16'17). A t I o p = 5 -10 9 W / c m 2 exc i ted-
state t ransmiss ions of Te — 0.75 a n d 0.91 are measured for r h o d a m i n e 6 G 
a n d rhodamine B , respect ive ly . The ae(Vj) va lues i n the tab le were ob ta ined 
b y averag ing over about h u n d r e d shots. I t shou ld be no ted t h a t the sma l l 
exci ted-state absorp t i on cross-section of ae(vj) = 4 - 1 0 - 1 8 c m 2 i n case of rho­
damine Β cou ld be measured, w h i c h demonstrates the sens i t i v i t y of the app l i ed 
m e t h o d . 
T h e #!-#4 exci ted-state absorp t i on shou ld be compared w i t h the #0-#4 
ground-state absorpt ion . I n rhodamine 6 G the 8^8^ F r a n c k - C o n d o n t r ans i t i on 
f r om leve l 3 to 5 ends about 200 c m - 1 above the # 4 potent ia l -energy curve (9), so 
tha t the measured ae(Vj) va lue of 2 - 1 0 _ 1 7 c m 2 shou ld be app rox ima t e l y equa l 
to the peak 8^8^ abso rp t i on cross-section. T h e peak $ 0 - $ 4 g round-state ab­
sorpt ion cross-section of rhodamine 6 G is 4 . 5 - 1 0 - 1 7 c m 2 (30) (v = 28 600 c m - 1 ) . 
I n the case of rhodamine Β the 8^8^ t r ans i t i on at f requency i>L ends approx­
ima te l y 300 c m - 1 be low the SA po t en t i a l curve a n d the peak 8^8^ abso rp t i on 
cross-section shou ld be larger t h a n the measured va lue of tfe(^L) = 4 · 1 0 - 1 8 c m 2 . 
T h e peak $ 0 - $ 4 absorp t i on cross-section of rhodamine Β is 3 . 5 - 1 0 - 1 7 c m 2 
(v = 28300 c m - 1 ) . I n ref. (8) a 0(8^84) va lue for rhodamine 6 G was es t imated 
f rom laser thresho ld measurements w h i c h is a factor of 6 larger t h a n our va lue . 
A cross-section of a(S1-S4) ^ 1 . 5 - 1 0 - 1 7 c m 2 for rhodamine 6 G was repor ted i n 
ref. (e) b y absorp t i on of x enon l i gh t after b l each ing of ground-state absorpt ion 
b y the second h a r m o n i c of a Q-switched Nd-g lass laser. 
5. - Conclusions. 
T h e descr ibed technique for the measurement of exc i ted-state abso rp t i on 
cross-sections is app l i cab le to systems w i t h reor i enta t ion t imes ror shorter t h a n 
fluorescence l i fet imes a n d weak in te rsys tem crossing rates. T h e measurement 
of absolute excited-state absorp t i on cross-sections at fixed frequencies al lows 
the. ca l i b ra t i on of qua l i t a t i v e exci ted-state absorp t i on spectra w h i c h m a y be 
ob ta ined w i t h p icosecond l i gh t c on t i nua 3 1 ) . 
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• R I A S S U N T O (*) 
Si descrive un metodo per misurare le sezioni d'urto assolute di assorbimento dello sta-
to eccitato di moleoole di ooloranti in soluzione. I problemi d i anisotropia orientazionale 
sono evitati sondando l'occupazione e Γ assorbimento dello stato eccitato dopo riorien-
tamento molecolare. L e sezioni d'urto d'assorbimento dello stato eccitato sono misurate 
per la rodamina 6Gr e la rodamina Β con frequenza fissa a 9480 c m - 1 . 
(*) Traduzione a cura della Bedazione. 
IIonepeHHbie ceneHHH norjionjemui Ha B036y^eHHbix COCTOHHHHX Β icpacirrejiflx po^aMHna, 
onpe^ejieHHbie c ΠΟΜΟΙΙΠ>Η> nepeopHeHraunH MOJieicyji. 
Pe3H>Me (*). — OnncHBaeTCH MeTOA H3MepeHHH aöconioTHbix nonepenHbix ceneHHft 
norjiomeHHH H a B036y3K#eHHbix COCTOHHHHX MOJieKyji KpacHTeufi Β pacTBope. FLpoOJieMbi, 
CBH3aHHbie c oniieHTauHOHROH aHH30TponHeii, y^aeTCH OÖOHTH nocpe^cTBOM Hccne-
AOBaHHH 3aceJieHHOCTH B036y3KÄeHHOrO COCTOflHHfl Η norjiomeHHa B036y»C,aeHHbIM coc-
τοπΗΗβΜ nocne nepeopneHTaimH MOJieKyji. Πρπ 4>HKCHpoBaHHOH qacTOTe 9480 C M - 1 
H3MepHK)TCH ΠΟΠβρβΗΗΗβ C616HHH ΠΟΠΙΟΙΗβΗΗΗ Ha B036yaCAGHHbDC COCTOHHHHX pOfla-
MHHa 6 G Η poAaMHHa B . 
(*) JJepeeedem pedaicijueü. 
